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Abstract 

The  purpose  of  this  research  is  to  compare  two  types 
of  control  methods  that  can  be  used  to  frequency  stabilize 
a  laser.  The  first  method  uses  a  single  piezoelectric 
transducer  (PZT)  to  control  the  cavity  length  of  a  helium- 
neon  laser.  The  second  method  employs  dual  PZT  controller 
of  different  lengths  so  that  a  fast  response  time  can  be 
achieved  with  the  benefit  of  a  large  dynamic  range.  Two 
variations  of  the  first  method  are  compared  to  the  second 
method.  The  first  variation  uses  an  integrator  with  gain 
as  a  compensator  in  an  electronic  feedback  control  loop 
and  is  designed  using  steady  state  analysis.  The  second 
variation  uses  a  moz'e  sophisticated  compensator  that  is 
designed  using  frequency  analysis.  Frequency  analysis  is 
also  used  in  the  compensator  design  for  the  second  method. 
Each  compensator  is  tested  in  a  laser  control  loop  and  the 
results  of  each  method  are  compared. 
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I  Introduction 


Over  the  last  two  decades,  laser  application  has 
extended  into  the  field  of  inertial  navigation.  Advance¬ 
ment  in  laser  gyro  technology  now  puts  laser  gyros  on  a 
competitive  level  with  their  counterpart,  the  mechanical 
gyro.  Although  the  laser  gyro  does  not  have  errors  associ¬ 
ated  with  moving  parts,  other  error  sources  exist  that 
effect  its  accuracy.  A  recent  study  by  Olkowski  and 
Holland  concerning  errors  in  a  passive  ring  laser  gyroscope, 
indicates  a  need  for  a  frequency  stabilized  laser  in  order 
to  overcome  temperature  and  mechanically  induced  changes  in 
the  laser  cavity  (Ref  Is 42).  The  following  section  ex¬ 
plains  ho w  a  laser  resonant  frequency  may  vary  and  intro¬ 
duces  a  method  that  can  be  used  to  stabilize  the  laser. 

Background 

The  frequency  spectrum  associated  with  a  true  sinu¬ 
soid  is  a  narrow  line  while  deviations  from  a  true  sinu¬ 
soid  cause  a  broadening  of  that  line.  The  helium-neon  - 
lasers  used  in  most  laser  gyros  display  a  spectrum  line- 
shape  that  is  inhomogene ously  broadened.  This  means  that 
the  collection  of  atoms  in  the  laser  medium  can  exhibit 
several  resonant  frequencies  for  the  same  laser  transition. 
The  laser  output  intensity  versus  frequency  plot  has  a 
gaussian  like  shape,  so  variations  in  frequency  also  cause 


1 


variations  in  intensity. 


The  actual  output  frequency  of  a  laser  is  determined 
by  the  optical  distance  between  the  laser  mirrors  which 
is  known  as  the  cavity  length.  O'Shea,  Callen,  and 
Rhodes  show  that  the  length  of  the  laser  cavity  is  equal 
to  an  integral  number  of  laser  half  wavelengths  (Ref  4:91) • 
Written  in  terms  of  frequency, 

^*(tH  (1-l) 

where'Ois  the  resonant  frequency,  q  is  an  integer,  c  is 
the  speed  of  light,  and  L  is  the  optical  cavity  length. 
Since  q  can  be  any  integer,  there  are  many  frequencies  or 
axial  modes  that  a  laser  may  resonate  at  providing  that  *0 
is  within  the  gaussian  shaped  intensity  vs  frequency  plot. 
The  axial  mode  frequency  separation, ed,  is  given  by 


Figure  1.1  shows  the  relationship  between  the  laser  tran¬ 
sition  intensity,  the  axial  mode  spacing,  and  the  laser 
output . 

From  the  discussion  and  equations  just  presented,  it 
is  evident  that  any  deviation  in  the  cavity  length  will 
cause  a  deviation  in  the  output  frequency  and  intensity. 

In  order  then  to  control  the  frequency,  the  cavity  length 


needed  to  accommodate  a  large  dynamic  range  to  control 
disturbances  such  as  temperature  drifts.  A  short  PZT 
with  a  fast  response  time  is  needed  to  contr'ol  higher 
frequency  noises. 

Problem  Statement 

The  purpose  of  this  research  is  to  ascertain  the 
effectiveness  of  two  control  methods  that  can  be  employed 
to  frequency  stabilize  a  laser.  The  first  method  is  a 
standard  approach  and  uses  a  single  PZT  to  control  the 
length  of  a  laser  cavity.  The  control  range  of  this 
method  is  limited  by  the  length  of  the  PZT.  A  long  PZT 
is  desired  to  provide  a  large  control  range,  however,  the 
added  mass  and  length  increases  the  response  time.  To 
overcome  this  limitation  the  second  method  uses  dual  PZT 
controllers.  A  long  PZT  is  used  to  provide  the  desired 
control  range  and  a  short  PZT  is  used  to  provide  a  fast 
response  time.  To  ascertain  the  effectiveness  of  each 
control  method,  the  magnitude  and  phase  of  the  closed 
loop  error  signal  must  be  recorded  and  analyzed. 

Method  of  Approach 

The  method  of  approach  starts  with  the  selection  of  a 
basic  control  loop  scheme.  Laser  frequency  stabilization 
has  been  studied  since  the  early  sixties  and,  over  the  last 
two  decades,  many  favorable  schemes  have  been  presented. 
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The  basic  scheme  used  in  this  research  is  similar  to  the 
one  presented  by  P.W.  Smith  (Ref  30^3)*  An  interferometer 
cavity  is  used  as  a  frequency  reference  to  which  the  laser 
output  is  compared.  Frequency  deviations  are  converted 
into  an  electrical  signal  and  routed  through  an  electronic 
feedback  loop  that  controls  the  movement  of  a  PZT  to 
which  one  of  the  laser  mirrors  is  attached.  In  this 
manner,  noise  disturbances  causing  frequency  instability 
are  sensed  and  countered  by  moving  the  PZT, thereby  correc¬ 
ting  the  cavity  length. 

The  next  step  in  the  approach  was  to  design  and  build 
a  laser.  This  was  followed  by  a  noise  source  study  that 
included  literature  research  and  equipment  experimentation. 
The  laser  control  system  was  then  modeled  and  transfer 
functions  for  each  component  were  determined.  Variations 
of  method  I  included  the  design  oi  a  first  compensater 
from  steady-state  analysis  and  the  design  of  a  second 
compensator  using .frequency  analysis.  The  compensator 
for  method  II  was  also  designed  using  frequency  analysis. 
Finally,  each  compensator  was  used  in  the  control  loop  and 
a  spectrum  analysis  was  made  of  the  error  signal.  Results 
of  each  test  were  recorded  and  a  comparison  was  made  of 
the  two  control  methods . 

Order  of  Presentation 

A  description  and  results  of  the  research  are 

( 
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presented  in  the  following  manner.  First,  the  frequency 
stabilization  theory  is  presented  in  Chapter  II  and  is 
followed  by  a  discussion  of  the  laser  design  in  Chapter  III. 
Next,  noise  sources  are  analyzed  in  Chapter  IV  and  system 
model  parameters  are  determined  in  Chapter  V.  The  compen¬ 
sators  are  designed  in  Chapter  VI,  and  performance  results 
and  comparisons  are  presented  in  Chapter  VII.  Finally, 
conclusions  and  recommeiidations  are  made  in  Chapter  VIII. 

In  order  to  fully  comprehend  this  material  the  reader 
should  have  a  basic  knowledge  of  the  techniques  used  to 
frequency  stabilize  a  laser. 


1 1  Frequency  Stabi]  i  '/.at  ion 


General  Description 

As  pointed  out  in  Chapter  I ,  the  output  of  a  laser 
can  contain  many  discrete  frequencies  separated  by  A'O. 

It  was  also  pointed  out  that  changes  in  the  cavity  length 
cause  variations  in  the  frequency  output  of  the  laser. 
Environmental  noises  such  as  temperature  drift,  acoustic 
noise,  and  table  vibrations  all  contribute  to  fluctuations 
in  the  cavity  length.  Properties  of  the  laser  itself  also 
contribute  to  frequency  fluctuations ,  termed  as  output 
noise.  The  following  two  control  methods  are  designed  to 
reduce  the  effects  of  these  noise  disturbances. 

Method  I  :s  a  standard  method  and  consists  of  a  single 
PZT  that  controls  the  cavity  lenglh.  As  mentioned  in  the 
introduction,  the  limitation  on  the  feedback  system  is  pri¬ 
marily  due  to  the  mechanical  resonances  of  the  PZT.  A  long 
PZT  is  desired  for  its  large  dynamic  range;  however,  the 
added  length  and  mass  lower  the  mechanical  resonance  and 
increases  the  response  time.  For  this  reason  a  second 
method  of  control  is  studied. 

Method  II  consists  of  dual  PZTs  of  different  lengths 
to  control  the  laser  cavity  length.  A  long  PZT  is  used 
for  its  dynamic  range  and  a  short  one  is  used  to  provide 
a  fast  response  time. 

The  theory  for  each  method  is  described  in  the 
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<  following  sections,  but  first,  the  Fabry-Perot  inter¬ 

ferometer  theory  Will  be  explained  as  it  establishes  the 
frequency  reference  for  the  control  loop. 

Fabry-Perot  Inter f promoter 

The  Fabry-Perot  interferometer  shown  in  Figures  2.1 
and  2.3  acts  as  a  frequency  reference  to  which  the  laser 
output  is  compared.  As  described  by  O'Shea,  Callen,  and 
Rhodes,  a  Fabry-Perot  interferometer  is  an  optical  resonant 
cavity  that  consists  of  a  pair  of  highly  reflective  mirrors 
parallel  to  each  other,  and  whose  separation  can  be  varied 
(Ref  4:33).  They  further  show  than  for  most  wavelengths 
only  a  small  percentage  of  the  light  entering  the  cavity 
is  transmitted.  For  certain  wavelengths ,  however,  nearly 
100$  of  the  light  is  transmitted.  This  transmission  occurs 
when  the  optical  distance  between  the  mirrors  equals  an 
integral  number  of  half -wavelengths  of  the  incident  light. 
The  condition  for  resonance  then  is 


where  ”0*  is  a  resonant  frequency  of  the  interferometer,  in 
is  an  integer,  c  is  the  speed  of  light,  and  d  is  the  op¬ 
tical  distance  between  the  mirrors.  Notice  that  Eq  (2.1) 
is  similar  to  Eq  (1.1)  as  both  the  interferometer  cavity 
and  the  laser  cavity  work  on  the  same  principle. 
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For  a  confocal  cavity  (radius  of  curvature  of  the 


mirrors  equals  the  optical  cavity  length)  with  the 
reflectance  of  both  mirrors  close  to  unity,  the  trans¬ 
mittance,  lip,-  of  an  interferometer  near  a  resonant 
frequency  is  (Ref  8:5) 

1t  '  (i  *  ^  -  ^T]  ~ 


where  A  is  the  dissipative  mirror  loss,  T  is  the  mirror 
transmittance,  R  is  the  mirror  reflectivity,  d  is  the 
optical  distance  between  the  cavity  mirrors, j  is  the 
cavity  resonant  frequency,  and  -l)  ^  is  a  frequency  close  to 
resonance.  For  the  Jodon  SA-1500  interferometer  used  in 
this  research  A< 0.2%,  T~0.8%,  R*99$>  d=5cm. 

At  resonance,  the  last  term  in  the  denominator  of 
Eq  (2.2)  is  zero  and  the  transmittance  becomes 


1 

(l+  A/Tj2* 


(2.3) 


Using  the  values  shown  for  the  Jodon  SA-1500  interfer¬ 
ometer,  .  ‘4  ■'* 

lT-64%  t2-1*’ 


It  is  easy  to  see  from  the  denominator  of  Eq  (2.2) 
that  a  small  relative  change  in  the  frequency  of  the 
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incident  light  will  create  a  large  change  in  I<p.  As  an 
example,  if  )  =  2  MHz,  which  is  small  considering 

that^  for  a  helium-neon  laser  is  4.74  10^  Hz,  then 


It  = 


=  54. 4  & 


(2.5) 


This  is  a  9*6$  decrease  in  It-  This  rapid  drop  in  out¬ 
put  intensity  for  a  slightly  off-resonance  condition 
makes  the  Fabry-Perot  interferometer  an  excellent  device 
to  use  as  a  frequency  standard  in  a  control  loop. 

From  Eq  (2.1),  if  the  cavity  length  is  swept  over  a 
range  of.  several  wavelengths,  the  interferometer  acts  as 
a  spectrum  analyzer  and  can  be  used  to  show  the  spectral 
content  of  a  laser  as  shown  in  Figure  2.0.  The  slv’rp 
peaks  in  Figure  2.0  represent  the  output  frequencies  of 
the  laser  that  was  built  for  this  research. 

In  order  to  sweep  the  cavity  length  over  several 
wavelengths,  a  slow- varying  ramp  voltage  is  applied  to  a 
PZT  mounted  inside  the  interferometer  housing.  The  PZT 
has  one  of  the  interferometer  mirrors  mounted  to  it  so 
that  a  change  in  PZT  length,  caused  by  an  external  voltage, 
changes  the  optical  cavity  length  and  thus  changes  the 
condition  for  resonance. 

The  range  of  frequencies  that  can  be  swept  through 
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Figure  2.0  Laser  Output  Scanned  With  the  Reference 
Interferometer 


without  repetition  is  known  as  the  free  spectral  range 
(FSR),  where 


F5R=i1r~  (?,6) 

The  FSR  for  the  laser  used  in  this  research  is  1500  MHz. 

A  Fabry-Perot  interferometer  is  used  as  a  frequency 
reference  in  both  control  methods  I  and  II  as  seen  in  the 
following  sections. 

Control  Method  I 


A  control  loop  block  diagram  for  the  system  used  in 
method  I  is  shown  in  Figure  2.1.  The  control  loop  model 


Table  2.1 


•  Control.  Loop  Symbol  Definitions  for  Figures  2.2  and  2.4 


Symbol 

Definition 

Noise  corrupted  reference  signal 

a)c 

Control  loop  correction  signal 

glia 

Lock-In-Amplifier  transfer  function 

GHVAl/PZTl 

High  Voltage  Amplifier  #l/Piezoelec- •  • 
trie  Transducer  #1  transfer  function 

gHVA2/PZT2 

High  Voltage  Amplifier  ^/Piezoelec¬ 
tric  Transducer  #2  transfer  function 

GcX 

Compensators 

for  the  system  is  shown  in  Figure  2.2  with  symbols  defined 
in  Table  1.1. 

Looking  at  Figure  2.1,  light  from  the  laser  is  passed 
through  a  neutral  density  filter  and  enters  the  Fabry- 
Perot  interferometer.  The  neutral  density  filter  reduces 
the  intensity  of  the  laser  light  in  order  to  keep  the 
detector  in  its  linear  region.  The  interferometer  PZT 
is  used  to  match  the  interferometer  resonant  cavity  to 
a  laser  mode  that  has  been  positioned  at  the  top  of  the 
laser  output  intensity  curve  with  PZTj.  A  frequency 
deviation  in  the  laser  output  causes  an  off-resonant 
condition  in  the  interferometer  as  explained  earlier. 

The  detector  senses  a  sharp  decrease  in  the  intensity 
from  the  interferometer  which  results  in  a  decrease  in 
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voltage  to  the  lock-in-amplifier  (LIA).  The  LIA  is  the 
heart  of  the  control  loop  and  produces  an  error  signal 
that  locks  the  laser  to  the  interferometer  resonant 
frequency.  A  modulation  technique  is  used  within  the 
LIA  which  locks  the  laser  frequency  to  the  interferometer 
resonance.  This  technique  will  be  discussed  in  full 
detail  in  the  following  section.  With  reference  to 
Figure  2.1,  the  error  signal  from  the  LIA  is  routed 
through  a  compensator  that  is  designed  in  Chapter  VI. 

The  signal  then  goes  to  high  voltage  operational  amplifier 

I  (HVA^).  Note  that  the  modulation  frequency  used  in  the 
LIA  is  also  routed  directly  to  HVA-^.  The  HVA  sends  a  final 
correction  signal  to  PZT^  that  has  laser  mirror  mi  mounted 
to  it.  Movement  of  the  PZT  by  the  loop  counters  the  noise 
disturbance  that  caused  the  original  frequency  fluctuation 
in  the  laser  output.  In  this  manner,  the  laser  is  locked 
to  the  interferometer  resonant  frequency  and  noise  that  is 
within  the  bandwidth  of  the  loop  is  suppressed. 

The  operation  of  control  method  II  is  similar  to 
that  just  presented  and  is  discussed  in  the  following 
section. 

Control  Method  II 

A  control  loop  block  diagram  for  control  method 

II  is  shown  in  Figure  2.3*  The  model  for  the  system  is 
shown  in  Figure  2.4  with  symbol  definitions  as  shown  in 
Table  2.1. 
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The  theory  used  in  control  method  II  is  the  same  as 
that  for  method  I;  however,  the  signal  from  the  LIA  is 
now  split  and  goes  to  two  different  compensation  networks. 
The  design  of  these  networks  are  quite  different  from 
each  other  and  are  fully  described  in  Chapter  VI. 
Correction  signals  leave  each  of  the  compensators  and  are 
amplified  by  HVAj  and  HVA2  that  control  respective  PZTs. 
Note  that  the  modulation  signal  still  goes  to  HVA^  as  in 
the  previous  section.  The  modulation  technique  is  the 
same  for  both  control  methods  and  is  described  in  the 
next  section. 

Modulation  Technique 

As  stated  earlier,  the  LIA  is  used  to  lock  the  laser 
frequency  to  the  interferometer  resonance.  It  accom¬ 
plishes  this  by  comparing  the  phase  of  a  modulation 
signal  to  the  phase  of  the  returned  signal  from  the  detec¬ 
tor  and  creates  an  error  voltage  proportional  to  the  phase 
difference.  A  4l  KHz  modulation  signal  is  selected,  as 
it  is  a  resonant  frequency  of  PZTj  and  is  well  beyond  the 
bandwidth  of  the  control  loop. 

Figures  2.5  through  2.8  are  used  to  illustrate  the 
reaction  of  the  LIA  to  a  frequency  shift  in  the  laser. 

When  the  laser  cavity  length  is  such  that  the  laser 
frequency  corresponds  to  point  A  in  Figure  2.5*  the  output 
of  the  interferometer  is  at  a  maximum.  As  the  PZT  is 
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;  dithered  by  the  modulation  signal,  it  causes  the  laser  to 

oscillate  about  point  A  which  produces  the  detector  output 
as  shov/n  in  Figure  2.6.  The  modulation  signal  and  the 
output  of  the  detector  are  mixed  in  the  LIA.  The  mixer, 
called  a  phase  sensitive  detector  (PSD),  produces  the 
signal  shown  in  Figure  2.6.  The  PSD  signal  is  sent 
through  a  low  pass  filter  inside  the  LIA  which  results  in 
a  zero  DC  level  error  signal.  The  laser  cavity  length 
thus  remains  unchanged. 

When  the  laser  cavity  length  produces  a  frequency 
corresponding  to  point  B  in  Figure  2.5i  the  output  of  the 
interferometer  is  less  than  maximum.  The  modulation 
signal  then  causes  the  detector  output  to  vary  as  shown 
•  in  Figure  2.?.  The  LIA  PSD  produces  a  net  positive  signal 

as  shown.  This  results  in  a  positive  DC  level  error  signal. 
The  error  signal  is  routed  to  the  PZT  and  causes  it  to 
lengthen  thus  increasing  the  laser  frequency  until  it 
corresponds  to  point  B  in  Figure  2.5* 

V/ hen  the  laser  cavity  length  produces  a  frequency 
corresponding  to  point  C,  the  action  is  the  same  as  that 
shown  for  point  B,  with  signals  as  shown  in  Figure  2.8. 

For  this  case,  the  LIA  produces  a  negative  DC  level  error 
signal  which  results  in  an  increase  in  cavity  length  and 
a  lowering  of  the  laser  frequency  to  that  corresponding 
to  point  B  in  Figure  2.5« 

In  the  manner  just  described  the  laser  frequency  is 

(' 
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locked  to  the  Fary-Pcrot  interferometer  resonant  frequency. 
As  noise  causes  the  laser  frequency  to  shift,  the  LTA  and 
feedback  loop  always  drives  the  frequency  back  to  point 
B  in  Figure  2.5- 

As  stated  in  the  introduction  the  limitation  on  the 
feedback  system  is  primarily  due  to  the  FZT.  The  type 
of  conti’ol  compensation  can  also  affect  the  control  loop 
and  is  discussed  in  the  following  section. 

Compensators 

By  adding  compensators  to  the  feedback  loop,  para¬ 
meters  of  the  loop  can  be  altered.  Three  different  types 
of  compensators  are  designed,  built,  and  tested  with 
comparisons  of  the  results  made  in  Chapter  VII. 

The  first  compensator  is  used  in  the  first  variation 
of  method  I.  It  is  designed  using  steady  state  analysis 
and  consists  of  an  integrator  with  gain.  The  presence 
of  the  integrator  in  the  loop  creates  a  type  I  system 
and,  as  pointed  out  by  A.D.  White,  the  system  steady  state 
error  is  expected  to  be  zero  for  a  step  input  and  finite 
for  a  ramp  input  (Ref  2: 350)*  White  also  points  out  that 
this  may  not  be  the  most  desirable  compensator  as  it  does 
nothing  for  the  bandwidth  of  the  loop. 

The  second  compensator  is  used  in  the  second  var¬ 
iation  of  control  method  I.  It  is  designed  using  the 
Guilleman-Truxal  design  procedure  presented  by  D'Azzo  and 
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Houpis  (Ref  7:408).  The  compensator  is  basically  an 
extension  of  the  first  design  with  additional  circuitry 
to  provide  a  closed  loop  bandwidth  of  2  KHz.  The  second 
compensator  is  expected  to  increase  the  bandwidth  of  the 
control  loop  as  compared  to  the  first. 

The  third  compensator  is  quite  different  from  the 
first  two  as  two  PZTs  are  now  used  to  control  the  cavity 
length.  Different  size  PZTs  are  used  in  the  laser  design 
to  accommodate  both  quick  response  and  a  large  dynamic 
range.  The  compensator  for  the  long  PZT  loop  is  designed 
first  for  a  closed  loop  bandwidth  of  100  Hz  and  ignores 
the  short  PZT  loop.  The  compensator  for  the  short  PZT 
loop  is  then  designed  for  a  total  system  closed  loop 
bandwidth  of  2  KHz. 

The  overall  step-by-step  design  of  the  compensators 
is  presented  in  Chapter  VI,  but  before  that  is  done,  the 
laser  designed  and  built  for  this  research  will  be  des¬ 
cribed  in  the  next  chapter. 


Ill  Laser  Design 


General  Description 

A  diagram  of  the  laser  is  shown  in  Figure  3  •  1  • 

The  laser  cavity  is  made  up  of  tv:o  carbon  steel  end  plates 
and  utilises  four  super-invar  rods  as  spacer  bars. 
Stainless  steel  mounting  blocks  are  held  to  the  end  plates 
with  four  corner  screws  and  alignment  is  accomplished  with 
shims.  FETj  is  1.5  inches  long,  and  FZT2  is  0.5  inches 
long.  They  are  secured  in  their  respective  mounting 
blocks  using  set  screws  and  epoxy  glue.  The  laser  mirrors 
are  each  glued  to  steel  washers  that  arc  in  turn  glued  to 
fiberglass  insulators.  Each  of  these  combinations  arc 
glued  to  a  PZT  with  the  output  mirror  attached  to  PZTg . 

The  laser  gain  tube  is  held  in  place  by  two  carbon  steel 
support  blocks  that  are  suspended  from  the  four  spacer 
bars.  The  total  cavity  length,  L  (optical  distance  be¬ 
tween  mirrors),  is  equal  to  39  cm.  Scale  drawings  of  the 
laser  hardware  are  included  in  Appendix  A.  Figure  3*2 
is  a  picture  of  the  assembled  laser  and  includes  the  ref¬ 
erence  interferometer. 

A  discussion  concerning  each  critical  component  in 
the  laser  design  is  presented  in  the  following  sections. 

Laser  Gain  Tube 

A  Spectra-Physics  model  120  helium-neon  gain  tube  is 


22 


Steel 


Steel 


Washer 
PZT2  \ 

Mounting  \ 
Block  \ 


Find 

Plate 

t 


Gain 

Tube 


Washer 


PZT2~-[  3fffl° 

_ \j 

Fiberglass 
Insulator 

Mirror 

#2 


Bn'3 

Plato 

tV 


r::Tx 

Mounting 

/Block 


Ul'llhmiuuil; 

b 

LLu  L !.  ll1.Ii  i  r.'TTT' 

— - Y 

— 

Bar 

V 

Gain  Tube 
Support 


Fiberrlas 

Insulator 


Mi rror 

#  1 


Blocks 


used  as  the  heart  of  the  laser  and  Is  pumped  by  a  Spectra- 
Physics  model  249  power  supply. '  The  gain  tube  draws 
approximately  6.0  ma  and  is  designed  for  a  5  mw  output. 

Laser  Mirrors 

The  laser  mirrors  were  selected  from  parts  on-hand 
in  accordance  with  the  following  stability  criteria.  For 
stability. 

(3.1) 

where  g^  and  gg  are  dimensionless  quantities  and  are 
the  g-parameters  of  the  resonator.  The  resonator  g- 
parameters  are 

g^l-l-and  3i=l-U  (3.2) 

where  rj  and  r2  represent  the  radii  of  curvature  of  mirror 
m^  and  mg  and  equ.alCOand  85  cm  respectively.  Solving  Eq 
(3-2),  g|=l,  and  gg=0.54l.  Eq  (3«l)  then  becomes 

0<0. 541^1  (3.3) 

and  the  stability  criteria  is  met. 

The  transmittance  of  nij  and  m2  are  0.01$  and  2.0$ 
respectively  where  m2  is  the  output  mirror. 


Piezoelectric  Transducers  (PZTs) 

The  PZTs  selected  to  adjust  the  cavity  length  are 
tubular  transducers  with  wall  thicknesses  of  l/4  inches. 

One  PZT  is  l/2  inch  long  and  the  other  is  1-1/2  inches 
long.  The  PZTs  are  center  mounted,  as  shown  in  Figure  3*1. 
to  eliminate  reaction  movement  by  the  mount.  Although 
data  specifications  such  as  bandwidth  and  sensitivity  for 
the  PZTs  are  given  by  the  manufacturer,  mounting  methods 
make  it  necessary  to  experimentally  obtain  all  required 
data.  This  is  accomplished  in  Chapter  V. 

End  Plate  Spacer  Bars 

Super-invar  is  used  as  the  spacer  bar  material  be¬ 
cause  of  its  very  low  temperature  expansion  coefficient 
The  importance  of  this  can  be  seen  by  looking  at  Eq  4.1, 
Table  4.1,  the  Eqs  that  follow  Table  4.1,  and  the  following 
exanvple . 

If  mild  steel  v/as  used  instead  of  super-invar, 
from  Table  II  would  be  94 .75  x  10-^  inches  instead  of 
3.00  x  10”^  inches.  This  would  result  in  ALj  equal  to 
257-1  x  1CT6  cm/°F  instead  of  the  value  24.06  x  10“^  cm/°F 
found  in  Eq  (4.2).  The  output  frequency  drift  would  then 
be  -3125  MHz/°F  rather  than  the  value  -292.5  MHz/°F  shown 
in  Eq  (4.6).  Using  Eq  (4.8),  the  range  of  temperature 
controllable  by  the  laser  would  only  be  0.03°F  instead  of 
o.32°F  as  shown.  With  a  controllable  range  this  small, 
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it  would  be  very  difficult  to  keep  the  laser  frequency 
stabilised . 

Axial  Mode  Spacing 

The  calculated  axial  mode  spacin  s  AO  a  is  determined 
from  Eq  (1.2)  and  the  measured  value  of  L  which  is  39  cm. 
Then 

a  A.  ~  J>*.\?c's?±.hsk. 

=  585c*\  (3.5) 


It  must  be  noted  here  that  the  determination  of  L  was 
crude  and  will  only  be  used  to  verify  the  much  more 
accurate  measured  value  of  the  axial  mode  spacing,  M. 

Figure  3*3  is  a  picture  of  the  laser  output  when 
scanned  with  the  reference  interferometer.  The  FSR  of 
1500  MHz  is  spread  over  10  cm  so  tnat  each  cm  equals 
150  MHz.  Since  axial  modes  are  shown  to  be  2-5  cm  apart, 
the  mode  spacing  is 

( 1500  MHaV2-5c<A 
10  C.>r*\ 


*  375  MHz 


(3.6) 


Figure  3*3  Laser  Output  Scanned  With  the  Reference 
Interferometer  for  FSR  Calculations. 


Since  it  is  difficult  to  perform  this  measurement  due  to 
laser  drift,  was  determined  several  times  and  equation 

3.6  is  the  average  of  those  measurements.  This  is  within 
yfo  of  the  calculated  value.  The  result  of  Eq  (3-6)  will 
be  used  in  later  calculations. 

Although  the  laser  is  designed  with  noise  suppres¬ 
sion  in  mind,  it  is  still  subject  to  many  disturbances 
that  cause  output  noise.  Some  of  these  sources  are  studied 
in  the  following  chapter. 


(  ^ 
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IV  Laser  Noise  Sources 


General  Discussion 

Noise  sources  that  cause  frequency  fluctuations  in 
a  laser  can  be  grouped  into  three  catagories:  environmen¬ 
tal  noises,  noises  from  the  gain  tube,  and  noises  from 
the  control  loop.  Environmental  noises  are  the  predomin¬ 
ant  ones  and  consist  of  temperature  drifts,  acoustical 
noise,  and  table  vibrations.  Noises  from  the  gain  tube 
are  caused  by  such  things  as  variations  in  the  index  of 
refraction  of  the  active  gas,  variations  in  the  gas  pres¬ 
sure  and  temperature,  and  variations  in  the  discharge  con¬ 
ditions.  Noise  from  the  control  loop  is  emitted  from  the 
electronic  components  and  is  very  small. 

Most  of  the  noises  can  be  calculated  and  will  be 
analyzed  in  the  following  sections.  From  the  results,  it 
is  expected  that  the  spectral  content  of  appreciable  laser 
noise  will  be  well  below  3  KHz  and  will  be  controllable. 

Laser  Noise  due  to  Temperature  Changes 

Temperature  drift  or  fluctuation  is  low  frequency  in 
nature  and  is  by  far  the  largest  contributor  to  laser 
frequency  noise.  The  biggest  affect  is  on  the  cavity 
length,  and  this  is  the  reason  invar  material  was  chosen 
for  the  spacer  bars.  The  change  in  cavity  length,  AL^, 
due  to  temperature  change,  At,  in  degrees  Fahrenheit  is 
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Table  4.1 


Temperature  Affects  on  the  Laser  Components 


Component 

Component 

- - - 

Temp.  Coef. 
10"0  in/in  F 

L  due  to  T 

Length 

10“6  in 

Symbol 

Super  Invar 
Spacer  Bars 

15-040 

0.2 

3. 008 

alSB 

Mild  Steel 
End  Plates 

11.000 

6.3 

6.3 

ALEp 

Stainless 

Steel 

PZT  Mounts 

0.375 

9.6 

3.6 

A  LpzTM 

PZTs 

1.000 

1.18 

1.18 

ALpZip 

Fiberglass 

Washer 

0.026 

5-5 

0.143 

Alfw 

Mild  Steel 
Washer 

0.097 

6.3 

0.611 

ALSw 

Mirror 

0.250 

6.0 

1.5 

alm 

calculated  using  Eq  (4.1),  as  follows: 

ALf  =  AL^  +  AL.£p  + AL - ALp^y  - ALPVa/ -AL^w -ALjvj  (4.1) 

The  terms  in  Eq  (4.1)  are  defined  in  Table  4.1. 

Using  the  values  from  Table  4.1  and  converting  them  to 
cm  yields 

ALT-  24.0b  xl Cffc  cvn/*F  (4.2)  ' 

The  change  in  frequency ,  A1)^  due  to  At  can  be  calculated 
from  Eq  ( 1 . 1 ) . 
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The  effect  orrO  caused  by  a  small  change  in  L  is 


— SL  (4.3) 

2  L 

If  £Lrp  and  are  assumed  to  be  small  then  they  can  be 
substituted  into  Eq  (4.3)  so  that 

A^t  "  - - - ALt  (4.4) 

Substituting  qX  for  2L,  Eq  (4.4)  becomes 


A^t  - 


-  -c 


XL 


AL- 


(4.5) 


Then 


Ai)t.  — (-3xio‘’Y^)  (M.ofcxlo  W”f) 


z  -292  .5  MHz/°F 


(4.6) 


The  sensitivity  of  PZTj^  from  Chapter  V  is  used  to 
calculate  the  controllability  of  the  laser  due  to  temper¬ 
ature  changes.  From  Eq  (5.1),  the  FZTi  sensitivity  in 
terms  of  ^  is  0.1875  MHz./volt.  With  500  volts  available 
from  the  HVA,  the  change  in  laser  frequency,  A^pzti*  due 
to  a  maximum  change  in  length  of  PZT^,  is 

A^PZTl<ma*>  “  MHa.  (4.7) 
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Using  Eqs  (4.6)  and  (4.7)  to  solve  for  the  maximum  tem¬ 
perature  change  that  can  be  compensated  for  using  PZTj 
yields : 

A  -T-  PZT1 

^Tc  "  M)r 

-  *)3.75  HHt 

28  Z.  .5  M  tu/"F 

r  0,32  *F  (4.8) 


It  must  be  noted  that  a  change  in  temperature  also 
changes  the  cavity  length  of  the  interferometer.  For 
this  reason,  the  interferometer  was  thermally  wrapped  with 
styrofoam  and  tape  to  reduce  the  effect  of  temperature 
changes  during  an  experiment. 

Laser  Noise  Due  to  Acoustical  Noise  and  Table  Vibration 

Since  actual  measurments  of  acoustical  and  vibrational 
affects  were  not  made,  an  experiment  by  Haruhiko  Nagai  was 
used  to  estimate  their  affects  and  is  presented  here 
(Ref  6).  The  construction  of  Nagai* s  laser  and  the  one 
used  in  this  research  are  very  similar.  The  major  differ¬ 
ences  are  that  his  cavity  length  is  about  one  third  the 
size  of  the  one  used  here,  and  his  mirror  holders  use 
spring  loaded  adjustment  screws  where  the  holders  used 
here  are  hard  mounted  with  shims. 
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(  In  pat't  of  Nanai' s  experiment,  he  determines  the 

lowest  natural  frequency  of  each  mechanical  element  in 
the  cavity  by  the  use  of  sound  pressures  generated  by  a 
loud  speaker.  He  compares  the  results  with  those  obtained 
analytically  to  show  that  the  mirror  holder  system's 
natural  frequency  has  components  of  hO  Hz  and  100  Hz, 
while  the  frequency  of  the  spacer  system  is  3  KHz  (Kef 
6:863).  Since  the  mirror  holders  on  the  laser  used  hoe 
are  hard  mounted,  it  is  assumed  that  the  noise  content 
will  not  be  any  greater  then  found  byr  Nagai .  Also,  since 
the  spacer  system  used  here  is  three  times  longer,  the 
spacer  system  resonant  frequency  is  expected  to  be  smaller 
than  3  KHz . 

Nagai  shows  that  his  laser  frequency  fluctuations 
due  to  acoustical  noise  was  about  9-6  KHz  and  that  due  to 
vibrations  was  about  110  KHz  (Ref  6:863).  Care  was  taken 
during  this  research  to  isolate  the  laser  work-plate  by 
placing  it  on  foam  rubber.  Also,  a  plastic  shield  was 
used  to  cover  the  laser  in  order  to  isolate  the  laser  from 
acoustical  noise.  With  the  precautions  taken,  it  is 
assumed  that  the  affects  of  vibration  and  acoustical  noise 
would  not  be  very  much  greater  than  that  found  by  Nagai. 

Laser  Noise  from  the  Gain  Tube  Noises 

Gain  tube  noises  are  very  small  compared  to  the 
5  others  presented.  Nagai  points  out  that  variations  in 

!  f ' 
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the  refractive  index  of  active  gas  in  about  1  MHz/iii  a  for 
a  laser  ,  tube  very  similar  to  the  one  used  in  this  n  s  arch 
(Ref  6:0^8) .  Since  the  laser  power  supply  has  less,  th  n 
a  0.3  ma  variation,  a  laser  noise  of  less  than  300  Kih  is 
expected.  Other  noises  previously  mentioned  are  trouble¬ 
some  only  when  stability  requirements  are  greater  than 
1  part  in  1010  (Ref  5. 11). 

Noises  from  the  Control  Loop 

Noises  from  the  control  loop  arc  very  small,  as  seen 
in  Figures  4.1  to  4.5  found  at  the  end  of  this  section, 
and  have  little  affect  on  the  laser  frequency.  This  is 
due  to  a  very  high  sj.gnal-to-noisc  ratio  in  the  circuitry 
and  also  to  the  fact  that  almost  all  of  the  gain  in  the 
loop  is  put  into  the  preamplifier  of  the  LI A . 

An  example  of  a  typical  open  loop  signal-to-noise 
ratio  achieved  in  the  loop  can  be  given  by  looking  at  the 
noise  from  the  LIA  shown  in  Figure  4.3.  The  maximum  peak- 
to-peak  amplitude  is  about  0.1  volts.  The  expected  error 
signal  produced  from  a  1  MHz  shift  in  the  laser  frequency 
is  12  volts,  as  shown  by  Eq  (5-4).  This  equates  to  a 
signal-to-noise  ratio  of  about  120  to  1.  With  a  large 
gain  at  the  front  end  of  a  closed  loop,  noise  created  in 
the  loop  is  effectively  reduced  providing  it  is  within 
the  bandwidth  of  the  loop. 

Figures  4.6  to  4.10,  located  at  the  end  of  this 
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section,  show  the  frequency  spectrum  of  the  noise  from 
each  of  the  control  loop  components.  Most  of  the  noise 
from  the  components  is  less  than  500  Hz/sec.  The  LI  A  has 
the  largest  spectral  spread  and  decays  exponentially  to 
about  20  db  between  zero  and  two  KHz  as  seen  in  Figure  4.8. 

HVA2'  has  a  noise  component  of  1.2  MHz,  as  seen  in 
Figure  4.5i  which  is  outside  the  bandwidth  of  the  control 
loops.  This  noise,  however,  has  little  afi’ect  on  the 
laser  frequency  because  of  its  small  amplitude  and  because 
it  is  far  beyond  the  mechanical  response  limit  of  the  FZ.Ts. 

A  noise  source  that  is  critical  is  the  interferometer 

power  supply  as  it  causes  fluctuations  in  the  reference 

frequency.  The  noise  level  is  shown  to  be  about  0.006 

volts  as  seen  in  Figure  4.1  and  has  a  60  Hz./sec  spectral 

content.  Using  Eq  (5-1).  the  reference  frequency 

fluctuations  are  about  4l  KHz,  and  will  occur  at  a  60  Hz/ 

sec  rate.  This  is  only  significant  for  a  stability  require- 

1  0 

merit  greater  than  1  part  in  10  . 

In  summary,  a  control  loop  with  a  2.0  KHz  bandwidth 
should  be  able  to  reduce  all  of  the  critical  noises  shown 
in  this  section. 

Identification  of  noise  sources  is  a  major  step  in 
the  design  of  a  good  control  network.  Determination  of 
control  loop  parameters  is  also  a  major  step  and  is 
accomplished  in  the  following  chapter. 


f 


i. 
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Figure  4.1  Noise  from  the  Interferometer  Power  Supply 


'  r  i  ;  N- 
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Figure  4.2  Noise  from  the  Detector  With  the  Laser  Blocked 
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Figure  4.1  I i o ire  f  rom  the  I, I A 
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Figure  4.5  Noise  from  HVA 
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Figure  4.6  Spectral  Content  of'  Noise  from  the 
Interferometer  Fower  Supply 


39 


0.024  v/cm 
Vert 

200  Hz/cm 
Horz 


Figure  4.8  Spe 


_ J 

;ral  Content  of  Noise  from  the  LIA 


40 


42 


V  Syr; tew  Model  Para me tern  and  Transfer  Functions 


General  Discuss! on 

Thin  chapter  deals  with  solving  the  system  model 
parameters.  First  the  interferometer  sensitivity  is 
determined  and  is  followed  by  the  determination  of  PZT^ 
and  PZT2  sensitivities.  Next,  the  LIA  constant  is  dc-ter- 
mined  and  the  frequency  characteristics  are  found  for  the 
LIA  and  HVA/PZT  combi nnti ons . 

Interf eroncter  Sensitivity  (A'O  j  ) 

The  interferometer  sensitivity,  Jitfi ,  in  MHz/volt, 
was  determined  using  the  equipment  set-up  shown  in  Figure 
5.1.  The  interferometer  resonance  was  matched  to  a  laser 
mode  by  adjusting  the  interferometer's  internal  PZT  with 
HVA2.  When  resonance  was  achieved,  as  indicated  by  a 
maximum  voltage  on  the  oscilloscope,  the  voltage  setting 
of  HVA2  was  recorded.  HVA2  was  then  slowly  adjusted  until 
a  new  interferometer  resonance  matched  the  next  mode. 

The  new  voltage  setting  of  HVA2  was  recorded  and  the  dif¬ 
ference  between  the  two  settings  was  determined.  This 
experiment  was  performed  several  times  for  an  average  dif- 
ferance  voltage  of  55  volts.  Since  the  laser  mode  spacing 

from  Eq  (3-6)  equals  375  MHz,  the  interferometer 
sensitivity  becomes 


Figure  5--  Block  Diagram  of  the  Interferometer  Sensitivity 
Test 


37S  MH r 
"55  v 


=  66Z  MHr/votf 


(5.D 


PZT-^  Sensitivity 

The  sensitivity  of  PZTj.,  in  MHss/volt,  was  determined 
by  scanning  the  laser  output  with  the  interferometer  and 
observing  the  mode  shift  for  a  particular  change  in  PZTj 
voltage.  Figure  5<2  shows  a  pattern  shift  to  the  left  of 
1.1  cm  for  a  change  in  HVAj  voltage  of  880  volts.  The 
oscilloscope  is  calibrated  to  150  MHz/cm  by  spreading 
the  FSR  over  10  cm.  The  mode  shift  then  is  I65  MHz  which 
yields 
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Figure  5-2  PZT^  Sensitivity 
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Figure  5-S  FST?  Sensitivity 
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-  MHz, 

T1  ~  880  v 

=  0.1675  (5-?) 

PZT^  Sensitivity  (A^pyrp., ) 

The  sensitivity  of  PZ'j'g  was  found  in  the  same  manner 
as  it  was  for  PZT^.  Figure  5-3  shows  a  2  cm  shift  to  the 
right  for  a  622  volt  decrease  in  HVAo  voltage.  Thus,  the 
mode  shift  is  -300  KHz.  Then 

^  -500  M H?. 

z  -0.46Z  MHz /volt  (5-3) 

The  negative  sign  in  Eq  (5-3)  was  verified  by  several 
other  experiments. 

LIA  Constant  (Ktja) 

The  LIA  constant  converts  frequency  to  voltage  across 
the  LIA.  A  block  diagram  of  the  test  set  up  to  accomplish 
this  is  shown  in  Figure  5-4.  The  horizontal  sweep  voltage 
from  the  oscilloscope  causes  the  laser  output  to  sweep 
across  the  interferometer  resonance.  This  produces  an 
error  signal  out  of  the  LIA  that  i s  routed  to  channel  B 
of  the  chart  recorder.  The  HVAj  output  is  recorded  on 
channel  A  with  results  shown  in  Figure  5.5.  A  linear 
section  of  the  error  signal  from  Figure  5*5  is  matched 
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Figure  5-4  Block  Diagram  of  the  Test  Scheme  to  Determine 
the  1.1  A  Constant 


to  the  voltage  ramp  from  channel  A.  As  seen  in  Figure 
5<5.  a  4.0  volt  sweep  from  HVAj_  causes  a  9-0  volt  change 
in  the  error  signal.  Using  Eq  (5-?)  to  convert  the  KVA^ 
voltage  to  frequency,  and  solving  for  . 

1<  -  9  voHr _ 

(4  voH  E. ) (  ^  r Z T  i) 

_ _ 9  ye  U<. _ 

(4  v*H<,)(p.  IS75 

=.  ie  volH/rtH^  (5.4) 


During  this  measurment  the  LIA  Sensitivity  was  set 
to  500  av,  the  REF  ATTN  was  set  to  O.lv  calibrated,  and 
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Figure  5*5  Results  of  the  Laser  Scan  for  Determination 
of  the  LLA  Constant 


the  detector  signal  peeked  at  0.2  volts.  The  REF  ATTN 
setting  is  always  kept  at  O.lv,  however,  the  other  para¬ 
meters  are  subject  to  change  so  a  general  equation  for 


K 


LI  A 


is 


=(HE 


vi 


500*  'C>"° 


S/d  voK*/j1Hz. 


] 


tlAs 


(5*5) 


where  Vd  is  the  detector  voltage  and  LIAg  is  the  LIA 
sensitivity  setting. 
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Determine  LIA  Frequency  Response 


LIA  Frequency  Analysis  and  Transfer  Function 

Figure  5*6  is  a  block  diagram  of  the  equipment  scheme 
used  to  determine  the  frequency  characteristics  of  the  LIA . 
The  LIA  oscillator  signal  was  set  to  41  KHz,  and  modulated 
by  the  phaselock  generator  with  a  variable  modulation 
frequency.  The  LIA  output  whs  then  compared  in  phase  and 
amplitude  to  the  phaselock  generator  output  using  the 
oscilloscope  shown  in  Figure  5-6.  The  frequency  response 
of  the  LIA  is  shown  in  Figure  5-7- 

The  transfer  function  in  radians/ sec ,  which  includes 

k'LIA  froni  (5  -  5) .  is 
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FREQUENCY  RESPONSE 


(833^033)  1JIH&  33l3Hd 


Figure. 5*7  LIA  Frequency  Response 


GL1R  = 

L  (s+5fe5  4)“ 

(C-OS)! Vj/Lir.cj  v/rAHz) 

(&A505  4)2 

HVAj/PZTi  Frequency  Analysis  and  Transfer  Function 

In  order  to  determine  the  frequency  response  for 
PZT^,  HVAj  had  to  be  used,  therefore,  the  frequency 
response  for  the  HV A-j/PZT^  combination  was  determined 
using  the  test  scheme  shown  in  Figure  5.8. 

The  frequency  response  of  the  HVA^/PZT^  combination 
was  estimated  by  comparing  the  magnitude  and  phase  of  the 
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microphone  output  signal  to  the  oscillator  signal  on  the 
oscilloscope  as  the  signal  generator  frequency  v.-as  in¬ 
creased  . 

From  the  results  the  frequency  response  of  the  HVA^/ 
PZT^  combination  was  determined  and  is  shown  in  Figure  5*9* 
The  transfer  function  for  the  HVAj/PZTi  combination 
was  approximated  as 


Ghvai/pzti  - 


(s+5fc55)(‘^b895  fe)1 


-  (Kkvai  )(o-W7s  mu/voif) 
(S4  5&55)(m  2.B5  5fc.)z 


(5. 


7) 


where  %y/kl  is  the  variable  gain  setting  of  HVA ^  and  At-PZT1 
is  the  PZT-|_  sensitivity  taken  from  Eq  (5.2). 


HVA2/PZT2  Frequency  Analysis  and  Transfer  Function 

The  combined  frequency  response  of  HVA2/PZT2  was 
determined  in  the  same  manner  as  it  was  for  HVAi/PZl’i. 

The  estimated  frequency  response  for  HVA2/FZT2  is  shown  in 
Figure  5 >10. 

The  transfer  function  for  the  HVA2/PZT2  combination, 
is 

r  -  (KnvAtU-Aa)p7 

t>'HVAl/PZT2  "  ( 2>  1 4?.)( a  +  u s b & o)5- 

-  (KhvazV- 0-^62.  MHz/voU)  {l.  Q) 
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where  Kjjva2  is  'the  variable  gain  setting  of  HVA2  and  PZT2 
is  the  PZT2  sensitivity  from  Eq  (5*3)* 
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V I  Compel  inn  tor  Dor;  i  r-;n 


General.  Discussion 

Two  compensators  were  designed  for  use  with  control 
method  I  and  a  third  was  designed  for  use  with  method  II. 
The  first  compensator  was  designed  using  only  steady- 
state  analysis.  The  second  compensator  is  more  sophis¬ 
ticated  and  was  designed  using  frequency  analysis  for  a 
closed  loop  bandwidth  of  2.0  KHz.  The  third  compensator 
was  also  designed  using  frequency  analysis  for  a  closed 
loop  bandwidth  of  2.0  KHz.  In  the  design  of  the  third 
compensator,  the  compensator  in  the  PZT^  loop  was 
designed  first  for  a  closed  loop  bandwidth  of  100  Hz 
neglecting  the  presence  of  the  loop  to  PZT2 .  This  low- 
bandwidth  is  well  within  the  limits  that  a  longer  PZT 
would  have  put  on  the  system.  The  compensator  in  the  loop 
to  PZT2  was  then  designed  taking  into  account  the  design 
of  the  other  loop.  The  system  models  from  Figures  2.2  and 
2.4  are  redrawn  in  Figures  6.1  and  6.2  to  include  the 
transfer  function  of  each  component  as  found  in  Chapter  V. 
Design  of  compensator  Gc^  for  variation  1  of  control 
method  II  is  shown  in  the  next  section. 

Compensator  Gc|(s)  for  Variation  1  of  Control  Method  I 
Using  Steady  State  Analysis' 

The  open  loop  transfer  function,  Gci(s)  ,  for  the 
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Figure  6,2  System  Model  for  Control  Method  II  With 
Transfer  Functions 
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Substitute  ng  'Oc (_s)  from  Eq  (6.7)  into  Eq  (6.6)  and  solving 
for  E  CM  yields: 


= 


o)ris) 


(6.8) 


where  for  a  step  input  of  magnitude  1 


=  -4 


(6.9) 


Thus  Eq  (6.8)  can  be  written  as 


£(s.) 


SQ*-4,  G-ki'S)  &c.^(S)] 


(6.10) 


Substituting  Eq  (6.10)  into  Eq  (6.5)  yields 


e  (Osi  - l,v> 


&>0  60  +  GuC)  6ci(s)] 


_  If 


»n. 


1+  GCI(S) 


(6.11) 


Replacing  Gx^'s*  with  Eq  (6.1)  and  setting  e(t)ss  equal 
to  zero  result?  in  the  following  : 


(*>+  wso)x  D izl  (6>12) 

(tv  5fcsc)s  (y+msif  6ct0(SH-  KxiGcjN^ 


where  GcjN(^)  and  Gc^D{*,>  are  the  numerator  and  denomin¬ 
ator  of  Gc^(s),  For  this  equation  to  hold  true,  Gc-D(s) 
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must  contain  a  zero  at  the  origin  of  the  c  plane,  thus  a 


first  choice  for  the  compensator  is 


Gc^s>) 


(6.13) 


where  Kc.^  is  the  compensator  constant.  The  open  loop 
transfer  function  including  Gc^(s)  becomes 


_ K>:.1  Kc.  x _ 

(S)(  ^  GfcG  5)*  (  5.4  38°/ 


(6.14) 


Using  Kxy-  25?  from  Eq  (6.3),  thus  yields  the  result 


r'  _ _ Z3JJ$£dk _ 

M  (&)(&4  5fo5  5)‘Ys  4-56956»)2 


(6.15) 


To  get  an  idea  of  the  amount  of  gain  achievable,  a 
computer  assisted  root  locus  was  generated  as  shown  in 
Figure  6.3-  -An  expansion  of  the  branch  starting  at  s~0 
indicates  that  for.  a  damping  ratio  of  0.7i 

Kci  =  Ote  (6.16) 


This  value  was  used  to  generate  the  system  open  loop 
and  closed  loop  frequency  response  plots  shown  in  Figures 
6.4  and  6. 5- 

From  the  open  loop  frequency  plot  of  Figure  6.4,  the 
system  is  seen  to  have  about  a  60db  gain  margin  which 
shows  it  is  very  stable.  The  closed  loop  frequency 
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6.5  Closed  Loop  Frequency  Keeponre.  Variation  I  of  Control  Method 


response  shown  in  Figure  6.5  shows  a  20  db/decade  drop 
for  low  frequencies  with  a  break  frequency  at  about  2.0 
KHz  as  would  be  expected. 

The  compensator  circuit  design  was  implemented  using 
operational  amplifiers  as  shown  in  Appendix  B.  The  design 
of  compensator  Gc2  for  use  with  variation  2  of  control 
method  I  is  covered  in  the  following  section. 


Compensator  Gcg  {  s)  for  Variation  2  of  Control  Method  I 
Using  Frequency  Analysis 


The  desired  bandwidth  of  the  closed  loop  system  is 
2.0  KHz.  The  Guileman-Truxal  procedure  as  explained  by 
D'Azzo  and  Houpis  is  followed  during  the  design  of  this 
compensator  (Ref  7s/t08). 

The  control  ratio,  M2(s),  for  the  system  shown  in 
Figure  6.1  is 

M,fe,  r  _  (6.17) 

MrJ.s}  Dz(5)  1 -i  &c2,Cs)  Gxi(s>) 

where  N£  (s)  and  D£  (  s)  are  the  desifed  control  ratio  numer¬ 
ator  and  denominator  respectively.  For  a  bandwidth  of  2.0 
KHz  and  a  20  db/decade  roll-off  with  four  nondominant 
poles,  the  control  ratio  can  be  rewritten  as 


Nr(s)  _  _ Kvnz, _ _ 

Di-(S)  (sm  5to)(  ^5000^  fiOOOO}^  0  50co)[  r^)ocooJ 


(6.18) 
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The  constant  Kirn,  required  for  a  control  ratio  c-f  unity  for 
zero  steady- state  error  is  found  by  taking  the  limit  of 
M2(s)  as  s  approaches  zero  and  setting  it  equal  to  unity. 
So , 


.  |  ■  k  -VA  *> 

A  =  lit*,  Kilft)-  - - - - - 

s->o  '  t-»o  (i * 1 1 saoYs* v 5-voj  tjt  g.L'(eo)(s+S aioa)  (s  i c; oooo\ 


Kv,- 


5-76  v  iOai 


(6.19) 


thus , 


Kmz=  &■  x 


23 


(6.20) 


Solving  Eq  (6.1?)  for  Gc2  (s)  yields  (Ref  ?:408) 


Gc  i  (c ) 


W  •*  (s > 


[DilS)  -  Nxlsj]  Gxi(?) 


(6.21) 


Using  Eqs  (6.1)  and  (6.18)  to  solve  for  Gc2 (s)  results  in 
the  following: 

_ ]W  (S*  _ 


Gci(>): 


jj>-mS&o)C M 7 sooJfo* &:o io}fi*Q5eso)(c'(iie !*e) - kir.^j  Kv«. 


(6.22) 


Expanding  the  denominate!',  using  Eq  (6.20)  and  factoring 
the  results,  Eq  (6.22)  becomes 


Gc^S)- 


5 .7  >;  \ c?1  (vt  fcfess)* C>)Z _ 

Kxi  (t)(f>  +  52^10 -^<ol0o)(c,+  MBfc0Ot  ^j3tO&C>) 


(6.23) 
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The  compensator  is  further  simplified  by  setting  the  damp¬ 
ing  ratio  equal  to  1 .0' which  moves  the  poles  to  the  real 
axis  for  case  of  implementation. 

Gc . .  ,  xoaOssss^isSKS^  ,6.» 

*-  Kxa  (s;(s+  7ooz:y(st  itr  t  oo)1' 


Using  Eq  (6.3)  to  substitute  for  Kxi  yields 


^  „x  1.7  xiol,(s*5^Oo)Y$>+2>fl90O}“ 

ntilS  -  — -t-.  - - — — — ■ — ■ — i — « -am* 

($»)  (  s* 1 6o  ?,t)\  C  v  aift  oo)  1 


(6.25) 


The  open  loop  transfer  function  then  becomes 


r/i  r  x  5-7y.  16  ^  Sfcoaf  (sv  oQ>COC))Z _ 

>;1  ' “  +  ^002  »y- (um.^)z  (s+o ioo)^ 360  S6)2- 


(6.26) 


A  root  locus  plot  is  shown  in  Figure  6.6.  Figures 
6.7  and  6.8  show  the  system  open  and  closed  loop  frequency 
response  plots.  The  frequency  plots  were  generated  using 
the  numerator  constant  shown  j  n  Eq  (6.25) •  Note  that  the 
gain  margin  in  Figure  6.7  is  about  17  db  indicating  a 
stable  system.  The  closed  loop  frequency  response  shown 
in  Figure  6.8  is  flat  with  a  breakpoint  at  about  2.0  KHz 
as  designed. 

This  compensator  circuit  design  was  also  implemented 
using  operational  amplifiers  and  is  shown  in  Appendix  C. 
The  design  of  compensator  Gc^  for  use  with  control  method 
II  is  covered  in  the  following  section. 
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OPEN  LOOP  BODE  PLOT,  SINGLE  PET  WITH  COHPENSAT 
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Figure  6.8  Closed  Loop  Frequency  Response.  Variation  2  of  Control  Method  I,  Ucirut 
Compensator  C-C2 


Compensator  Gc3(s)  for  Control  Method  II  Using  Frequency 
Analysis 

The  compensator  Gcqis)  is  designed  in  two  steps. 

First,  the  loop  to  PZT2  is  ignored  and  a  compensator, 

Gc^a(.s)  ,  is  designed  for  a  closed  loop  bandwidth  of  100 
Hz  with  a  40  db  roll-off  and  a  0.6  damping  coefficient. 
Using  Figure  6.1,  and  the  same  procedure  as  used  in  the 
last  section,  the  closed  loop  control  ratio  is 

M  =•  * - ^3* - (6.27) 

5,4  3H39l)(s+^2CtfYv*$5^o)(&4S0Goi>) 


where  M^a  (s)  is  the  control  ratio  of  Figure  6.1  using 
C'c3a  (s)  in  place  of  Gets)  .  N^a  (s>  and  03a  cs)  are  the 
desired  numerator  and  denominator  of  cs;  .  The  con¬ 
stant  Km^a  required  for  a  control  ratio  of  one  to  achieve 
zero  steady-state  error  is  found  using  the  same  method  as 
in  the  previous  section.  Then, 

3,5  xio'9  (6.28) 

Using  Eq  (6.21),  the  equation  for  compensator  Gc^a fs)  is, 


Gtba&~T=r 


Gx/S) 


(6.29) 


Using  Eqs  (6.27)  and  (6.1)  to  substitute  for  N3ats) ,  D3a(s), 
and  Gx^(s),  the  compensator  equation  becomes 
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3 . 5*  *  o' 1  (t*  5 fs  +  3 8 'l  St) 


Jt^+oi s  -fy?  <j ?>9 ^ wv))/s ' 4CCoc  Y  <u ’yv-oo) -  b.5*tfPj  {<5^^ 


(6. 30) 


Expanding  Eq  (6.  JO)  and  factoring  the  results,  the 
compensator  becomes 

_ >_.5£ .5t*2?Ks+3filS£ _ 

Kxi(s)(in  !'))(  ^  40 1  Ho)(S4  5^S  so)  [  S>+  4  5 fcr;  0) 


(6.3D 


Gcoa(s)  is  simplified  by  cancelling  nondominant  poles 
and  zeros  which  leaves 


Skoo)3 _ 

K*t  <$X^‘m)('S4  407  4  0) 


(6.32) 


The  second  part  of  compensator  Gc-j(s)  is  designed 
using  Gc^a (s)  of  Eq  (6.32)  and  the  system  diagram  from 
Figure  6.2.  The  desired  closed  loop  bandwidth  is  2  KHz 
with  a  20  db/decade  roll-off.  The  desired  closed  loop 
transfer  function  with  four  nondominant  poles  is 


03  (s) 


- ]<vh3 _ _ 

(u  ii56o)(s+»ioooo)^  !-yn^)('sfib5e'>o) 


.  (6.33) 


For  zero  steady  state  error,  the  numerator  constant  must 
be 


Kya>>  -3.3  xio24 


(6.34) 


If  GX2(s)  is  the-  open  loop  transfer  function  of  the  system 
•  then  the  system  control  ratio,  M^(s)  ,  is 


H5(sj  = 


&<Z  fS) 

1  4-  GX1(S) 


(6.35) 


v? 

where  G 72  (s)  includes  both  compensators  Gc^g^s)  and  Cc3t>{sJ. 
Solving  for  Gx2(s)  using  Figure  2.4, 


G-X2.(s)-JG 


ktA^)i 


— 

Q,  HVA2/pZTZ^)  ■**  Oci<L(S)  GwvAl/^ri^) 


(6.34) 


where  Gc^Nfs)  and  Gc3bD  (s)  are  the  numerator  and  denomin¬ 
ator  of  Gcy-fo  (s)  .  Gc3b(s)  can  be  found  by  substituting  Eq 
(6.36)  into  Eq  (6.35)  and  setting  the  results  equal,  to 
Eq  (6.33).  We  then  get 


~  (S)l^7l5)fw i8966y-(s44$i^)(5+637^i^Jtf3oy«lT!rM 

(6.37) 

The  compensator  is  simplified  so  that  Gco^ts)  becomes 


&  5^tb?',6<P!42)(s-!-GC05)1 

5V>J  "(5)(S+  85760 63050) 


(6.38) 


Again,  a  damping  factor  of  unity  is  used  to  move  the  poles 
to  the  real  axis  for  ease  of  implementation  so  the  final 
design  of  Gc3b(s)is 


Gtjv,(?) 


5-xioat 

Ob')  (  S  +  toqftyiO2' 


(6.39) 
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The  system  open  loop  transfer  function  Gj-p(s)  becomes 

_ _ 3.Uiolg(S*?-n).>:.tsc-'xiN*(oO?iifr)(t» 

i-,6.^y(5*lB%0*  jo.oi«39 

(6.40) 

This  derivation  assumes  HVA  gain  settings  of  100,  LIAg-- 
500  mv,  and  Vd  -  0.23v 

A  root  locus  plot  is  shown  in  Figure  6. 9-  Figure 
6.10  and  6.11  show  the  system  open-loop  and  closed-loop 
frequency  response  plots.  As  seen  in  Figure  6.9  the  root 
locus  plot  shows  an  improvement  over  both  of  the  plots 
previously  seen.  The  open  loop  frequency  response,  as 
shown  in  Figure  6.10,  shows  a  phase  margin  of  about  1C.0 
db  which  indicates  that  the  system  is  stable.  The  degree 
of  stability  is  less  however  than  for  method  I  as  seen  by 
comparing  Figures  6.11,  6.5»  and  6.8.  The  closed  loop 
frequency  response  from  Figure  6.11  is  flat  to  about  2.0 
KHz  as  was  designed.  The  circuit  design  of  the  compensator, 
Goj ,  is  shown  in  Appendix  D. 

Final  Design  of  Each  Compensator 

Figure  6.12  shows  all  three  compensators  taken  from 
equations  6.13,  6.25,  6.32,  and  6.39  respectively. 


v?8ia)f?-i4S7i«g) _ 

>  v  i  jo.y.j  /j 
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LOSES  LOOP  BODE  PLOT,  METHCu  II,  COMPENSATOR  C-C3 


Figure  6.11  Closed  Loop  Frequency  Response.  Control  Method  II  Using  Compensator  Ccq 
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VII  Performance  Comparisons 


General.  Discussion 

System  performance  data  is  contained  in  this  chapter 
for  control  methods  I  and  II  that  can  be  used  to  frequency 
stabilize  a  laser.  A  comparison  is  made  between  each 
method’s  controllable  range  of  the  laser  cavity.  A  second 
comparison  is  then  made  between  each  control  method's 
frequency  spectrum  of  the  system  error  signal.  The  con¬ 
trol  range  comparisons  are  made  in  the  next  section. 

Control  ^ange  Comparison 

In  order  to  estimate  the  difference  in  the  long  term 
control  range  between  control  methods  I  and  II,  a  recording 
was  made  over  a  three  minute  time  span  of  the  correction 
voltages  from  HVA^  and  HVA2.  The  experiment  was  performed 
while  the  room  tempera  Lure  was  increasing  so  that  a  correc¬ 
tion  voltage  drift  could  be  observed.  The  entire  experi¬ 
ment,  using  both  control  methods,  only  took  ten  minutes 
to  perform  and  the  room  temperature  drift  was  assumed  to 
be  constant  over  that  short  a  period.  For  both  control 
methods,  a  laser  mode  was  positioned  at  the  top  of  the 
laser  output  intensity  curve  using  HVA^.  The  interfer¬ 
ometer  resonance  was  then  adjusted  to  match  the  laser  mode 
frequency  and  the  loop  was  closed. 

Figure  ?.l  shows  the  results  obtained  using  the 


i‘  i.^U2T€  /  •  2  oyTiZi 


second  variation  of  control  method  I.  The  LIA  error 
signal  and  ten  second  time  markers  are  also  shown  in  the 
figure.  For  the  period  shown,  the  MVA^  correction  voltage 
slowly  drops.  The  maximum  voltage  shown  occurs  around 
27  seconds  with  a  minimum  occurring  just  before  3  minutes. 
The  difference  between  the  maximum  and  minimum  voltage  is 
150  volts. 

Figure  7*2  shows  the  results  of  the  same  experiment 
using  control  method  II.  Figure  7*2  again  shows  a  slow 
decrease  in  the  correction  voltage  from  HVAj,  however, 
the  drift  is  not  as  great.  This  is  because  the  control 
is  split  between  each  PZT  as  seen  by  the  slowly  increasing 
voltage  from  HVA2.  The  voltages  are  of  opposite  sign 
because  of  the  negative  sensitivity  of.PZT2  as  shown  in 
Chapter  V.  The  maximum  correction  voltage  from  HVA^ 
occurs  at  about  ten  seconds  with  the  minimum  occurring  just 
before  three  minutes.  The  difference  between  maximum  and 
minimum  voltage  is  90  volts.  The  difference  in  HVA2 
maximum  and  minimum  voltage  is  about  50  volts. 

From  the  results,  it  is  evident  that  for  a  large  tem¬ 
perature  drift  saturation  will  occur  a  lot  sooner  for 
control  method  I  than  it  will  for  control  method  II. 

From  this  it  is  evident  that  the  dynamic  range  of  the  con¬ 
trol  system  has  been  increased  by  using  dual  PZT  control¬ 
lers. 

The  reason  for  making  PZT2  short  is  to  provide  a 


fast  response  time  to  control  high  frequency  noises. 
Theoretically,  this  will  allow  PZTj  to  be  lengthened  to 
further  increase  the  dynamic  range  of  the  control  loop. 

The  next  section  compares  the  frequency  spectrum  of  the 
errcr  signal,  e(t),  between  control  methods  I  and  II. 

Frequency  Spectrum  of  the  LIA  Error  Signal 

Performance  results  were  obtained  for  each  control 
method  by  recording  the  noise  spectrum  of  the  error 
signal,  e(t),  from  the  LIA.  Figures  7*3  -  7-12  show  the 
results  of  the  performance  tests  and  are  grouped  at  the 
back  of  this  section  for  ease  of  comparison. 

Figures  7.3  through  7 .4  show  the  frequency  spectrum 
of  the  open  loop  error  signal  and  are  used  for  comparisons 
of  the  noise  reduction  when  the  loop  is  closed.  What 
appears  to  be  noise  on  the  left  side  of  Figures  7.3  through 
7.4  is  actually  trace  blur.  This  was  due  to  the  high 
sweep  rate  required  because  the  laser  frequency  would  not 
stay  matched  very  long  to  the  interferometer  resonance  in 
the  open  loop  configuration. 

Figures  7*5  through  7.8  when  compared  to  Figure  7.3 
show  the  amount  of  noise  reduction  achieved  when  the  loop 
is  closed.  Noise  reduction  for  each  control  method  is  tab¬ 
ulated  in  Table  7.1.  Fourteen  db  has  been  added  to  the 
noise  reduction  figures  of  Table  7.1  because  for  Figures 
7*5  through  7*12  the  LIA  sensitivity  setting  was  increased 
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Table  7.1 

Noise  Reduction  for  Each  Control  Method 
(0-250  Hz  Range 


Noise 

Method 

Compensator 

Noise  Level 

Reduction  in  db 

open  loop 

greater  than 

7v 

I 

Gc^ 

greater  than 

less  than 

0 . 8v 

-32.8  db 

I 

Gc2 

0.4v 

-38.9  db 

II 

Gc-j 

0. 2v 

-44.9  db 

from  500  pv  to  100  pv.  This  results  in  a  14  db  increase  in 
the  magnitude  of  the  error  signal. 

From  Table  7.1  it  is  evident  that  for  the  low  fre¬ 
quency  range  (0Hz  -  250  Hz)  control  method  II  provides 
a  greater  noise  reduction  than  does  control  method  I. 

Also  note  that  variation  2,  using  compensator  Gc2»  is 
much  better  than  variation  1  using  compensator  Gc^. 

In  order  to  make  an  objective  comparison  of  the  two 
control  methods,  the  frequency  range  of  the  spectrum 
analyzer  was  increased  from  50  Hz/cm  to  2.00  Hz/cm  as 
seen  in  Figures  7,9  to  7.12.  By  comparing  this  set  of 
figures,  showing  the  expanded  frequency  spectrum,  method 
II  is  seen  to  provide  the  best  overall  noise  reduction. 

To  compare  the  high  frequency  noise  reduction  achieved 


by  each  control  method,  Figure  7.4  must  first  be  perused. 
From  Figure  7.4,  the  noise  content  of  the  error  signal 
is  seen  to  be  below  1000  Hz.  Figure  7.9  shows  that  vari¬ 
ation  1  of  control  method  I  is  effective  to  about  400  Hz. 
Figure  7-10  indicates  that  variation  2  reduces  the  higher 
frequency  noise  as  designed.  As  seen  in  Figure  7*12, 
method  II  also  reduces  the  noise  for  the  higher  frequencies 
and  is  even  more  effective. 

Figure  7*11  is  a  picture  of  the  results  obtained 
when  only  the  PZT^  portion  of  the  control  loop  is  closed 
using  control  method  II .  This  simulates  the  use  of  a  verj 
long  PZT  for  variation  2  of  control  method  I.  As  seen  in 
Figure  7- 12,  when  the  PZTg  portion  of  the  loop  is  closed 
reduction  of  the  higher  frequency  noises  is  significant. 
Conclusions  formed  from  these  test  results  are  discussed 
in  the  following  chapter. 
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Figure  7.3  Spectral  Content  of  the  Open  Loop  Error  Signal 
(0  Hz  -  250  Hz) 
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Figure  7.4  Spectral  Content  of  the  Open  Loop  Error  Signal 
f*  (0'Hi  -  2  KH-) 
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Figure  7.5  Spectral  Content  of  the  Cloned  Loop  Error 
Signal.  (0  Hz  -  250  Hz)  Method  I,  Variation  1 
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Figure  7.6  Spectral  Content  of  the  Closed  Loop  Error 
Signal  (0  Hz  -  250  Hz).  Method  I,  Variation  2,  Using 
Compensater  Gcg 
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Figure  7-7  Spectral  Content  of  the  Closed  Loop  Error 
Signal  (OK?  -  250  Hz)  Using  the  Gcya  Portion  of 
Compensator  Sc  3 
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Figure  7."S  Spectral  Content  of  the  Closed  Loop  Error 
Signal  (0  Hz  -  250  Hz).  Method  II 
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Figure  7.11  Spectral  Content  of  the  Closed  Loop  Error 
Signal  (0  Hz  -  2  KHz),  Using  the  Gc-jn  Portion  of  Compen¬ 
sator  Gc-j 
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Figure  7.12  Spectral  Content  of  the  Closed  Loop  Error 
Signal  (0  Hz  -  2  KHz).  Method  II 
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VIII  Conclusion!-!  end  Rccommenrtati  ons 

General  Discussion 

The  purpose  of  this  research  was  to  compare  two 
methods  that  can  be  used  to  frequency  stablize  a  laser. 
Control  method  I  consisted  of  a  feedback  loop  that  used  a 
single  FZT  controller  to  correct  the  laser  cavity  length. 

Two  variations  of  method  I  were  used  in  the  research. 
Variation  1  used  a  control  loop  compensator  designed  from 
steady  state  analysis.  The  compensator  used  in  variation 
2  was  more  sophisticated  and  was  designed  from  frequency 
analysis.  Control  method  II  deviales  from  the  standard 
approach  used  in  method  I.  Two  PZls  of  different  lengths 
were  used  to  control  the  laser  cavity.  A  long  PZT  was  used 
to  provide  a  large  dynamic  range  while  a  short  PZT  was  used 
to  provide  a  fast  response  time. 

The  results  from  use  of  the  two  control  methods  were 
obtained  by  first  recording  the  difference  in  the  controll¬ 
able  range  and  second,  by  recording  and  comparing  the  fre¬ 
quency  spectrum  of  the  error  signal  produced  by  each  method. 

Conclusions 

From  the  comparisons  made  in  Chapter  VII,  control 
method  II  is  superior  to  control  method  I.  From  the  Control 
Range  section  of  Chapter  VII  it  is  clearly  evident  that  the 
control  system  limits  will  be  reached  much  sooner  when 
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control  method  I  is  used.  This  is  very  important  when  the 
•system  is  used  in  a  temperature  varying  environment.  From 
the  Frequency  Spectrum  section  of  Chapter  VII,  it  is  also 
evident  that  the  noise  reduction  for  control  method  II  is 
greater  than  for  control  method  I.  Also,  control  method  II 
is  more  effective  at  high  frequencies  than  control  method  I 

In  conclusion,  the  use  of  dual  PZT  controllers  looks 
very  promising  and  should  be  adopted  where  both  a  large 
dynamic  range  and  fast  response  time  are  desired.  Recommen 
dations  regarding  this  research  are  discussed  in  the  follow 
ing  section. 

Recommendations 

One  of  the  major  problems  encountered  during  this 
research  was  due  to  large  temperature  drifts  in  the  labora¬ 
tory.  As  shown  earlier,  the  single  PZT  controller  was 
only  expected  to  compensate  for  0.3°F  temperature  change 
before  reaching  the  limit  of  the  high  voltage  amplifier. 

Due  to  the  temperature  variations  in  the  laboratory,  this 
limit  was  reached  after  about  30  minutes  using  control 
method  II,  and  even  less  using  control  method  I.  To  help 
solve  this  problem,  a  piezoelectric  transducer  with  a  much 
greater  sensitivity  should  be  used.  It  is  also  recommended 
that  a  longer  PZT  be  used  that  will  further  increase  the 
dynamic  range  of  the  control  system.  To  further  reduce 
the  temperature  drift  problem,  the  use  of  super-invar  is 
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recommended  for  all  of  the  laser  hardware  along  with  a 
much  shorter  laser. 

Large  temperature  drifts  not  only  cause  the  laser 
cavity  to  change  length,  but  also  causes  the  interfer¬ 
ometer  cavity  length  to  change.  Thus,  while  the  laser 
frequency  may  indeed  be  locked  to  the  interferometer 
resonance , the  actual  frequency  could  be  varying  with  tem¬ 
perature.  A  solution  to  this  problem  is  to  use  a  laser 
gain  tube  that  displays  a  Lamb  dip  at  the  peak  of  the 
output  intensity  curve.  The  laser  frequency  could  then 
be  locked  to  the  Lamb  dip  and  the  interferometer  would 
not  be  needed  in  the  control  loop  (Ref  2:351)* 
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The  material  in  Appendix  A  consists  of  drawings  for 
the  laser  and  interferometer  hardware  as  referenced  in 
Chapter  IH.  Figures  D.l  -  D.4  include  drawings  for  the 
laser  end  plates,  the  laser  gain  tube  support  blocks, 
the  PZT  mounting  blocks,  and  the  interferometer  mount 
respectively. 


95 


Figure  A. 2  Laser  Gain  Tube  Support  Blocks 


Figure  A.  3  PZT  Mounting  Blocks 


Appendix  B 


Circuit  Design  and  Tests  for  Compensator  Gcj 


The  material  in  Appendix  B  consists  of  the  circuit 
design  procedure,  a  schematic  diagram,  and  test  results 
for  compensator  Gc^  as  referenced  in  Chapter  VI. 

Circuit  Design 

From  Figure  6.12,  the  compensator  Gc^  is  broken  into 
two  parts,  a  gain  stage,  and  an  integrator.  A  summing 
stage  is  also  included  to  combine  the  modulation  signal 
from  the  LIA ,  with  the  compensator  signal  for  input  to 
the  HVA.  Figure  B.5  is  a  schematic  diagram  of  the  com¬ 
pensator  and  summer.  The  transfer  function  for  the  com¬ 
pensator  is 

•  4-=(i^r)(4r)  <*•’> 

where  K;  will  remain  as  a  variable  gain  adjustable  by 
R100  and  the  first  stage  shown  in  Figure  B.5* 

Operational  Tests 

Figure  B.2  shows  the  expected  frequency  response 
plot  for  the  compensator.  The  compensator  was  tested 
using  the  equipment  configuration  shown  in  Figure  B.l. 


Figure  B.l  Block  Diagram  of  Equipment  Used  to  Test 
Compensator  Gc^ 

The  frequency  from  the  signal  generator  was  adjusted 
while  the  output  of  was  viewed  on  the  oscilloscope. 
The  phase  and  amplitude  of  Gc^  was  compared  to  the  input 
signal  with  results  as  plotted  in  Figure  B.2.  The  solid 
lines  in  Figure  B.2  indicate  the  expected  phase  and  mag¬ 
nitude  of  the  results  while  X  indicates  the  measured 
magnitude  and  0  represents  the  measured  phase. 

As  shown  by  the  results,  the  compensator  works  as 
designed.  Figures  B.3  and  B.4  show  the  amplitude  and 
spectral  content  of  the  noise  from  Gc^  with  the  input 
shorted.  As  seen  in  Figure  B.3*  the  noise  amplitude  is 
very  small  and  has  little  affect  on  the  laser  for  the 
same  reasons  as  stated  in  Chapter  IV. 
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Frequency  Response 


Figure  B.3  Noise  from  Compensator  Cc  1 


Figure  B.4  Spectral  Content  of  Noise  from  Compensator  Gc^ 
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Appendix  C 


#  • 

i 

Circuit  Design  and  Tests  for  Compensator  GC2 

The  material  in  Appendix  C  consists  of  the  circuit 
design  procedure,  a  schematic  diagram,  and  operational 
test  results  for  compensator  Gcp  as  referenced  in  Chapter 
VI. 

Circuit  Design 

The  transfer  function  for  Gcg  from  Eq  (6.25)  is  shown 
again  here  with  a  variable  gain  K/;: 

(t,,  -  woo)*  ,  ) 

(S')(‘i4TC0X»)"(s4llXe00):t 

Eq  (C.l)  was  broken  into  six  parts  and  amplifier  trans¬ 
fer  functions  G;,4  to  were  assigned  to  each  part  as 
shown  in  Figure  C.l.  The  schematic  diagram  shown  in  Figure 
C.5  was  determined  from  Figure  C.l.  Component  values  were 
found  by  finding  the  ratio  of  each  stage's  output  impedance 
to  input  impedance  and  equating  the  ratio  to  the  respec¬ 
tive  transfer  function. 

Operational  Tests 

The  same  tests  that  were  performed  on  Gc^  were  also 
performed  on  GC2  with  results  plotted  in  Figure  C.2.  The 
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Figure  C.l  Amplifier  Assignment  to  Compensator  GC2 

solid  lines  in  Figure  C.2  are  the  expected  phase  and 
magnitude  of  the  test  results  while  X- indicates  the 
measured  magnitude  and  0  indicates  the  measured  phase. 

As  shown  by  the  results,  the  compensator  works  as 
designed.  Figures  C.3  and  C.4  show  the  amplitude  and 
spectral  content  of  the  noise  from  Gc^  with  the  input 
shorted.  The  maximum  peak-to-peak  amplitude  shown  in 
Figure  C<3  is  0.07  volts  and  results  in  a  very  high  signal- 
to-noise  ratio  as  explained  in  Chapter  IV.  Therefore,  the 
noise  has  very  little  affect  on  the  laser  frequency. 


Figure  C.2  Measured  vn  Expected  Frequency  Response  for  Compensator  Gc£ 
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Circuit  Design  and  Tests  for  Compensator  GC3 

The  material  in  Appendix  D  consists  of  the  circuit 
design,  a  schematic  diagram,  and  operational  test  re¬ 
sults  for  compensator  GC3  as  referenced  in  Chapter  VI. 

The  transfer  function  for  GC3  is  divided  into  two 
parts,  Gc3a  and  003-^  as  shown  in  Chapter  VI.  The  circuit 
design  for  both  parts  will  be  covered  in  the  next  section. 


Circuit  Design  of  Gc3a  and  Gc-^ 

The  transfer  functions  for  Gc3a  and  Gc3^,  from  Figure 
6.12,  are  shown  again  here  with  variable  gains  KWQ  and 


K<c  (v»5kPO)* 

(S»Hs<7i«3)(s+ W4o) 


(D.l) 


<1  fc+3l«U)(6*560o) 


(D.2) 


Eqs  (p.  1)  and  (D.2)  are  broken  into  seven  parts  and 
amplifier  transfer  functions  G^o  through  G^^  are  assigned 
to  each  part  as  shown  in  Figure  D.l.  The  schematic  diagram 
shown  in  Figure  D.8  was  determined  from  Figure  D.l.  Com¬ 
ponent  values  were  found  by  finding  the  ratio  of  each 
stage's  output  impedance  to  input  impedance  and  equating 
the  results  to  the  respective  transfer  function. 
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Figure  D.l  Amplifier  Assignment  to  Compensator  Gc-j 


Operational  Tests 

The  same  tests  that  were  performed  on  Gc^  in  Appendix 
B,  were  also  performed  on  both  compensator  Gc-^,  and  the 
upper  portion  of  Gc^  shown  in  Figure  D.l.  The  measured 
frequency  responses  of  the  compensators  are  plotted  in 
Figures  D.2  and  D.'3.  The  solid  lines  represent  the 
expected  phase  and  magnitude  while  the  Xs  and  Os  show 
the  measured  magnitude  and  phase  respectively.  As  shown 
by  the  results,  the  compensator  works  as  designed. 

Figures  D.4  through  D.7  show  the  amplitude  and  spec¬ 
tral  content  of  the  noise  from  Gc-^  and  Gc-jp  with  the 
input  shorted.  In  both  cases,  the  noise  is  relatively 
small  and  results  in  a  very  high  signal-to-noise  ratio 
as  explained  in  Chapter  IV,  therefore,  the  noise  has  very 
little  affect  on  the  laser  frequency. 
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OPEN  LOOP  BODE  PLOT  FOR  COMPEN6RTOR  GC3u 
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Figure  D.k  Nois;e  from  Compensator  Gc-jra 
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.Appendix  E 


Experimental  Procedure 


Test  Set-up 

The  laboratory  and  test  site  used  in  this  experiment 
are  located  in  the  Air  Force  Institute  of  Technology 
Building  640,  room  238,  at  Wright  Patterson  AFB,  Ohio. 
Within  the  laboratory,  the  laser  a  id  interferometer  were 
mounted  on  a  one  inch  thick  aluminum  plate  and  placed  on 
a  layer  of  foam  rubber  to  isolate  them  from  table  vibra¬ 
tions.  The  laser  was  also  covered  with  a  plastic  shield 
to  reduce  the  affects  of  acoustical  noise  and  air  currents. 
The  interferometer  was  wrapped  with  styrofoam  and  tape  to 
isolate  it  from  temperature  variations. 

Test  Procedure 

The  following  .is  the  test  procedure  to  use  in  order 
to  lock  the  laser  to  the  interferometer  resonance. 

Step  1.  With  the  system  in  a  closed  loop  configur¬ 
ation,  turn  all  of  the  compensator  switches  to  off.  This 
opens  the  loop  and  discharges  the  integrator  capacitors. 

Step  2.  Connect  the  oscilloscope  horizontal  output 
to  the  summing  amplifier  side  of  the  compensator  output 
switch. 

Step  3*  Adjust  HVAj  bias  and  gain  control  so  that 


117 


ISP*» 


a  laser  mode?  is  detected  on  the  oscilloscope  from  the 
detector  output.  With  the  LI A  output  also  connected  to 
the  oscilloscope,  the  error  signal  v.'ill  appear  as  a 
derivative  of  the  detector  signal. 

Step  4.  Maximize  the  error  signal  by  adjusting  the 
modulation  frequency  around  4l  KHz. 

Step  5.  Rotate  the  LIA  phase  control  to  90°  and 
adjust  the  phase  for  a  minimum  error  signal. 

Step  6.  Rotate  the  phase  control  to  0°  and  discon¬ 
nect  the  oscilloscope  horizontal  output  from  the  summing 
amplifier  input. 

Note:  Steps  2  through  5  are  accomplished  to  assure 

that  the  maximum  derivative  signal  is  achieved.  It  only 
needs  to  be  performed  about  once  a  day. 

Step  7.  Manually  adjust  the  interferometer  power 
supply  until  the  interferometer  resonance  matches  a  laser 
mode  as  seen  by  watching  the  detector  output  on  the 
oscilloscope.  If  more  than  one  mode  is  present,  select 
the  largest. 

Step  8.  Turn  on  all  of  the  compensator  switches. 

With  the  above  procedure  completed,  the  laser  will 
be  locked  to  the  interferometer  resonance. 
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Appi  ndjy  V* 


Equipment  IfistjjTg 


Equipment  Number  Required 

Laser  Gain  Tube,  Spcctra-Fhysics  Model  120  . . . 1 

Mirrors,  Dielectric 

Laser  -  35  cm  Radius  of  Curvature,  98/  Reflective  ..1 
-  Flat,  99 • 9%  Reflective  . 1 

Piezoelectric  Length  Transducer,  Channel  Devices 

Navy  Type  54,  1-1/2  inch  . 1 

Navy  Type  54,  1/2  inch  . 1 

Laser  Exciter,  Spectra-Physics  Model  2.49  . 1 

Interferometer,  Jodon  Model  SA  1500  . 1 

Compensator  Circuits  (See  Figures  B.5.  C-5.  and  D.8)  ...1 

Chart  Recorder,  Gould  Brush  200  Eight  Channel  . 1 

Lock-In-Amplif ier,  Princeton  Applied  Research 

Model  HR-8  . 1 

High  Voltage  DC  OP  Amp,  Burliegh  Model  PZ-70  . 2 

Electronic  Counter,  Hewlett  Packard  Model  5212  A  . 1 

Oscilloscope,  Tecktronix  Model  5^5  . . 1 

Oscilloscope,  Lavoi  Model  265  4  . . . 1 

Spectrum  Analyzer,  Nelson-Ross  PSA-016  Oscilloscope 

Plug-In  Unit  . 1 

Signal  Generator,  Wavetek  Model  186  . . . 1 

Neutral  Density  Filter,  Oriel  Corp. 

Densi ty  Factor  1.2  . . 1 

Power  Supply,  John  Fluke  Model  405B  . . 1 
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so  that  a  fast  response  time  can  be  achieved  with  the  benefit  of  a  large 
dynamic  range.  Two  variations  of  the  first  method  are  compared  to  the  second 
method.  The  first  variation  uses  an  integrator  with  gain  as  a  compensator  In-^l 
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